Innate resistance to retroviral infection and replication is induced by interferons (IFNs). IFN-inducible factors restricting viral replication include the cytidine deaminase APOBEC3G (40, 60) and the E3 ubiquitin ligase TRIM5 (1), both of which target replication primarily during the process of viral entry. A third IFN-inducible activity, tetherin (BST-2/ CD317/HM1.24), acts to restrict viral release (13, 35, 36, 41, 62) . The importance of these factors in controlling viral replication is underlined by the requirement for lentiviral genomes to encode trans-acting countermeasures; lentiviral Vif proteins (33, 54, 55) and spumaviral Bet proteins (28, 42, 51) counteract APOBECs whereas HIV-1 Vpu, HIV-2 Nef, and HIV-2 and simian immunodeficiency virus (SIV) Envs may counteract tetherins (15, 18, 26, 35, 36, 62, 65) .
Innate resistance to retroviral infection and replication is induced by interferons (IFNs). IFN-inducible factors restricting viral replication include the cytidine deaminase APOBEC3G (40, 60) and the E3 ubiquitin ligase TRIM5 (1), both of which target replication primarily during the process of viral entry. A third IFN-inducible activity, tetherin (BST-2/ CD317/HM1.24), acts to restrict viral release (13, 35, 36, 41, 62) . The importance of these factors in controlling viral replication is underlined by the requirement for lentiviral genomes to encode trans-acting countermeasures; lentiviral Vif proteins (33, 54, 55) and spumaviral Bet proteins (28, 42, 51) counteract APOBECs whereas HIV-1 Vpu, HIV-2 Nef, and HIV-2 and simian immunodeficiency virus (SIV) Envs may counteract tetherins (15, 18, 26, 35, 36, 62, 65) .
Tetherin is a type II single-pass transmembrane protein. It is anchored to the cell membrane by both N-terminal transmembrane domain and C-terminal glycophosphatidylinositol (GPI) anchors that are linked by an extracellular coiled-coil domain that promotes dimerization of adjacent tetherin molecules. Accordingly, tetherin in both the cell membrane and the envelope of the budding virus can prevent virion release either by direct cross-linking or by the formation of dimers between adjacent coiled-coil domains (41) . The primary role for tetherin remains unclear; however, it is likely that, by trapping enveloped viruses at the cell surface, tetherin prevents the further dissemination of nascent virions. However, given the constitutive high-level expression of tetherin on plasmacytoid dendritic cells (pDC [type I IFN-producing cells]) (5) , tetherin may play a more fundamental role in the initiation and perpetuation of a virus-specific immune response (58) .
The domestic cat lineage has faced multiple invasions by viruses from the family Retroviridae. In addition to an exogenous gammaretrovirus (feline leukemia virus [FeLV] ), a lentivirus (feline immunodeficiency virus [FIV] ), and a spumavirus (feline foamy virus [FFV] ), cats also harbor the endogenous RD114 gamma retrovirus (47, 48) and full-length endogenous FeLVs (50) . While lentiviruses have spread throughout the Felidae, from lions in Africa to pumas in North America and Pallas cats in Mongolia (61) , the gamma retroviruses are restricted solely to domestic cats (3, 4, 47, 48) , although occasional cross-species transmission events have been recorded in Florida panthers (37) and Iberian lynxes (30) . The limited distribution of the gamma retroviruses among felids suggests that they entered the domestic cat population after the divergence of the Felis lineage from the other felids circa 6.2 million years ago (19) . The presence of three exogenous members and one endogenous member of the Retroviridae in domestic cats offers an intriguing insight into the retrovirus-host interaction. As cats express a truncated TRIM5 lacking a capsid-binding B30.2/SPRY domain (29) , their ability to suppress retroviral replication may be impaired. If tetherin is to have a major role in the control of retroviral replication in any species, the cat would seem a likely example.
In this study we describe the identification and characterization of a feline tetherin (feTHN) homologue and examine its activity against the FIV feline lentivirus. As with the activities of tetherin homologues in other species, feline tetherin prevented the release of FIV in transient assays. However, in assays of viral replication, feline tetherin displayed little suppression of viral growth. Indeed, syncytium formation mediated by strains of FIV capable of interacting directly with CXCR4 (CD134-independent strains) was enhanced in the presence of tetherin. As CD134-independent viruses emerge in vivo in FIV-infected animals, we speculate that an unexpected consequence of the induction of tetherin expression may be enhanced cell-cell spread in CD134-negative cells.
MATERIALS AND METHODS
Identification and cloning of feline tetherin. The genomic sequence for the prospective feline homologue of tetherin was identified by comparing the sequences of human (Homo sapiens) tetherin (GenBank accession no. NM_004335) and dog (Canis familiaris) tetherin (GenBank accession no. XM_847295 and XM_860510) to those of the 2X domestic cat (Felis catus) genome by the use of megaBLAST (algorithm of Zhang et al. [66] ). A candidate feline tetherin gene was identified on Felis catus c430601298.contig 1 (GenBank accession no. ACBE01053987). Oligonucleotide primers were synthesized corresponding to the predicted start (forward primer 5Ј-ATGGCACCTGCTTTTT TACCAC-3Ј) and stop (reverse primer 5Ј-TCAGGCCAGCAGAGCAACGAA-3Ј) codons of feline tetherin. Mya-1 cells were lysed (QIAshredder; Qiagen Ltd., Crawley, United Kingdom), and total RNA was prepared by guanidine-isothiocyanate lysis using an RNeasy Minikit (Qiagen Ltd., Crawley, United Kingdom) and reverse transcribed using a Transcriptor High Fidelity cDNA synthesis kit and oligo(dT) 12 primer (Roche Applied Science, Burgess Hill, United Kingdom). The feline tetherin (feTHN) cDNA was amplified using Phusion DNA polymerase [Finnzymes; New England BioLabs (UK) Ltd., Hitchin, United Kingdom] and its nucleic acid sequence determined using BigDye Terminator v1.1 cycle sequencing (Applied Biosystems, Life Technologies, Paisley, United Kingdom) followed by analysis performed using an Applied Biosystems 3730xl genetic analyzer and chromatogram analysis performed using the Chromas version 1.45 software package (Technelysium Pty. Ltd., Tewantin, Australia). The tetherin cDNA was then reamplified to incorporate SalI and NotI restrictions sites and inserted into VR1012 eukaryotic expression vector (Vical Inc., San Diego, CA), generating feTHN-VR1012.
Quantification of tetherin by real-time PCR. Cells were seeded in 25-cm 2 culture flasks to achieve 80% confluence 24 h postseeding. Cells were then treated with 1,000 IU/ml recombinant feline omega IFN (IFN-) (Virbac Limited, Bury St Edmonds, United Kingdom) or feline IFN-␣ and IFN-␥ (R&D Systems Europe Ltd., Abingdon, United Kingdom) for 24 h, harvested, and lysed, and total RNA was prepared as described above. Total RNA (1 g) was used to synthesize first-strand cDNA (Transcriptor First Strand cDNA synthesis kit; Roche Applied Science). A 1-l volume (1/20) of the first-strand cDNA synthesis product was used as a template for real-time PCR and combined with either the feline tetherin primer and probe set consisting of primer FcTHN-Fwd (5Ј-GAGAAGGCCCAGAGCCAGGAG-3Ј), primer FcTHN-Rev (5Ј-GCAAC GAAGGCCAGGAGCAG-3Ј), and probe 5Ј-FAM (6-carboxyfluorescein)-TGC AGAACGCTTCGGTGGAGGTGGAAAGACTGAGAAA-TAMRA (6-carboxytetramethylrhodamine)-3Ј or with the feline rRNA set consisting of primer 343-Fwd (5Ј-CCATTCGAACGTCTGCCCTA-3Ј), primer 409-Fwd (5Ј-TCACC CGTGGTCACCATG-3Ј), and probe 5Ј-FAM-CGATGGTAGTCGCCGTGC-CTA-TAMRA-3Ј. Probes, primers, and templates were combined in TaqMan Universal Master Mix (Applied Biosystems, a division of Life Technologies, Paisley, United Kingdom) in MicroAmp Optical 96-well reaction plates (Applied Biosystems, Paisley, United Kingdom) and analyzed on an Applied Biosystems 7500 real-time PCR system. ⌬C T values (where "C T " represents "threshold cycle") were calculated by subtracting the mean C T for the abundant rRNA from the C T for the feline tetherin mRNA. For analyses of tetherin mRNA expression in transiently transfected 293T cells, RNA was pretreated with DNase prior to cDNA synthesis and additional control reactions were included in which the cDNA synthesis step prior to real-time PCR was omitted. Cells. Human 293T cells, and feline cell lines AH927 and FEA, and CRFK (clone CRFK) fibroblasts were maintained in Dulbecco's modification of Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine, and antibiotics (100 U/ml penicillin and 100 g/ml streptomycin) at 37°C and 5% CO 2 . The feline MYA-1 T-cell line (32) was maintained in RPMI 1640, supplemented with 10% FBS, 2 mM glutamine, antibiotics (100 U/ml penicillin and 100 g/ml streptomycin), 10 mM HEPES, 1 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, and conditioned medium from a murine cell line (L2.3), and transfected with a human IL-2 expression construct (equivalent to 100 U/ml of recombinant human interleukin-2 (IL-2). Stable ectopic expression of CD134 has been described previously (56) , and cells expressing CD134 from the pDON-AI construct were maintained in Geneticin/G418 (Invitrogen, Paisley, United Kingdom). All media and supplements were obtained from Invitrogen Ltd. (Paisley, United Kingdom).
Assay for tetherin activity. 293T cells were seeded in 12-well plates at a density of 2 ϫ 10 5 cells per well and allowed to adhere overnight. Cells were then transfected using either SuperFect (Qiagen Ltd., Crawley, United Kingdom) or Fugene 6 (Roche Applied Science, Mannheim, Germany) according to the manufacturer's recommendations. HIV-1 pseudotypes were prepared using HIV-1-derived 8.91 packaging plasmid (Gag-Pol, Tat, and Rev) or 8.2 packaging plasmid (Gag-Pol, Tat, Rev, Vpr, Vpu, Vif, and Nef), CSGW (green fluorescent protein [GFP]-encoding HIV-1 genome), and MDG vesicular stomatitis virus G glycoprotein (VSV-G)-encoding vector (2, 34, 67) . FIV pseudotypes were prepared using FIV-based vectors FP93 (Gag-Pol) and pGiNSin (GFP). FP93 (52) was derived from the 34TF10 molecular clone (59) of FIV Petaluma and thus shares 99.6% nucleic acid sequence identity over this region with the F14 molecular clone (39) of FIV Petaluma from which the FIV-Fca F14 virus stock was prepared. The viral expression vectors were cotransfected with 1 g of feTHN-VR1012 and, in the case of HIV-1, 1 g of either HIV-1 Vpu-cDNA3 or empty vector (pcDNA3). In experiments where the level of feline tetherin was varied, feTHN-VR1012 was serially diluted from 600 ng to 50 ng and VR1012 was used to balance the amount of DNA. In the case of HIV-1, the amount of HIV-Vpu was kept constant at 600 ng per well. In competition experiments, constructs bearing FIV OrfA or entire FIV genomes were cotransfected with the tetherin construct during pseudotype production (0.25 g OrfA and 0.5 g feTHN). OrfA expression constructs consisted of VR1012-OrfA (prepared by amplifying OrfA from FIV-GL8 and cloning into VR1012) or codon-optimized FIV OrfA, 1S-5RL (44), or CMVG8M⌬pol4, a derivative of pCT5b (45) in which a PacI-NdeI fragment was exchanged with the equivalent fragment from the GL8 MYA molecular clone. The resulting clone, CMV-G8M, was then modified by deleting a fragment of pol by PacI/SanDI digestion followed by treatment with the Klenow fragment of DNA polymerase I prior to religation. CMVG8M⌬pol4 thus produces all FIV-encoded proteins under the control of a cytomegalovirus (CMV) promoter but is not replication competent.
Stable expression of feline tetherin. For stable expression, FcTHN was inserted into pDON-AI-2 Neo expression vector (Takara Bio Europe, S.A.S. SaintGermain-en-Laye, France) with NotI and BamHI. CRFK fibroblasts stably expressing feTHN were generated by retroviral vector transduction. Tetherincontaining Moloney murine leukemia virus (MLV) pseudotypes were produced by seeding 1 ϫ 10 6 293T cells into 100-mm-diameter cell culture dishes and cotransfecting them with pCMVi (MLV Gag-Pol), pMDG (VSV-G), and feTHN-pDON-AI-2 Neo or empty vector (pDON-AI-2 Neo). These pseudotypes were then used to infect CRFK cells. At 72 h postinfection, stably transduced cells were selected in G418 (800 g/ml). For confocal microscopy experiments, tetherin was labeled with an internal hemagglutinin (HA) tag by amplification of two fragments by the use of primer pair FcTHN-HA-FWD (5Ј-TACCCATACGACGTCCCAGACTACGTCGTCGCGTCTGCCA-3Ј) and FcTHN-REV-BamHI (5Ј-ACAGGATCCTCAGGCCAGCAGAGCAACGAA G-3Ј) and primer pair FcTHN-FWD-NotI (5Ј-ATCGGCGGCCGCATGGCAC CTGCTTTTTACCAC-3Ј) and FcTHN-HA-REV (5Ј-GACGTAGTCTGGGAC GTCGTATGGGTATTCCTTTTTCTTGC-3Ј), with feline tetherin cDNA used as the template. The products were then purified, combined, and used as a template for a second round of amplification using primers FcTHN-FWD-NotI and FcTHN-REV-BamHI. The product was then cloned into pDON-AI-2 Neo and transduced into CRFK cells as described above.
Virion release assays. A total of 1 ϫ 10 6 293T cells were seeded in 100-mmdiameter cell culture dishes, and virion release was assayed by transient transfection with 7.5 g of HIV-1-GFP or FIV-GFP expression vectors (as described above) and 2.5 g of FcTHN-VR1012. At 72 h posttransfection, the released viral pseudotypes were harvested. The cells were washed with phosphate-buffered saline (PBS) and pelleted for immunoblot analysis. Virion-containing supernatants were clarified by centrifugation and filtered using pores 0.2 m in size. A 1-ml volume of supernatant was used to infect 1 ϫ 10 5 293T cells per well in 12-well plates in triplicate experiments. At 72 h postinfection, infected cells were washed with PBS and harvested for flow cytometric analysis. The remainder of the filtered virion-containing supernatant (9 ml) was layered on a 20% sucrose VOL. 85, 2011 FIV RESTRICTION BY FELINE TETHERIN 5841 cushion and centrifuged at 20,000 ϫ g for 2 h. The virion yield was determined by immunoblotting. In order to confirm FIV OrfA expression, additional experiments were performed in which VSV-G-pseudotyped, yellow fluorescent protein (YFP)-encoding HIV-1 was prepared as previously described (15) . Briefly, 1 ϫ 10 6 293T cells per well were seeded in six-well plates and transfected using 6 l Fugene-6 (Roche) with p8.91 Gag-Pol expression vector (3 g), pMDG (VSV-G) (300 ng), and HIV-1 vector encoding YFP (450 ng). Tetherin constructs (100 ng) were cotransfected along with either 500 ng of HIV-1 NL-43 Vpu or 1S5RL OrfA or empty vector (pCDNA3.1; Invitrogen). After 48 h, the supernatant was harvested and filtered and 293T cell titers were determined as described previously (15) .
Immunoblotting. Cells were lysed in buffer comprising Tris-HCl (pH 7.5), 150mM NaCl, and CHAPS {3-
and supplemented with protease inhibitor cocktail (Complete protease inhibitor; Roche). Cell lysates and corresponding pelleted virions were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 12% SDS-PAGE gels. Separated proteins were then transferred onto nitrocellulose membranes, blocked with 5% dried milk powder in PBS containing 0.1% (vol/vol) Tween for 1 h at room temperature, and incubated with the appropriate primary antibody for 1 h. HIV-1 p24 was detected using 183-H12-5C anti-HIV-1 CA (NIH AIDS Research and Reference Reagent Program), and FIV p24 was detected using vpg50 antibody. Both antibodies were used as hybridoma supernatants at a dilution of 1:100 in PBS-0.1% Tween. Primary antibodies were detected with biotinylated anti-mouse IgG secondary antibody (Vector Laboratories, Peterborough, United Kingdom) at a dilution of 1:1,000 in PBS-0.1% Tween for 1 h at room temperature and subsequent chromogenic development using a Vectastain ABC system (Vector Laboratories Ltd., Peterborough, United Kingdom) and 5-bromo-4-chloro-3-indolyl phosphate-nitroblue tetrazolium (BCIP/NBT; Vector Laboratories Ltd., Peterborough, United Kingdom) as a substrate.
To confirm FIV OrfA expression, immunoblotting was performed as described previously (15) . HIV-1 CA was detected using 183-H12-5C monoclonal antibody (MAb), and membranes were then stripped and reprobed for ␤-actin and HA (antibody 3F10; Roche Applied Sciences, Burgess Hill, United Kingdom). Cell extracts were made by lysing cells in radioimmunoprecipitation assay (RIPA) buffer (15) . Cleared lysate was then added to Laemmli (24) buffer. Supernatants containing virions were pelleted and resuspended in Laemmli buffer, and all samples were then boiled before separation by SDS-PAGE and immunoblotting. Bound antibodies were detected using sheep anti-mouse horseradish peroxidase (HRP) conjugate followed by Amersham ECL Plus (both from GE Healthcare Life Sciences, Little Chalfont, United Kingdom).
Virus replication assays. Viral growth was assayed by nonisotopic lentiviral reverse transcriptase (RT) assays using a LentiRT kit (Cavidi AB, Uppsala, Sweden) per the manufacturer's instructions.
Confocal microscopy. CRFK cells stably expressing HA-tagged feline tetherin were seeded onto 13-mm-diameter glass coverslips in 24-well plates and incubated overnight. The cells were then infected with FIV or F14 for 3 days. Cells were next fixed with 4% paraformaldehyde-PBS (pH 7.4) for 15 min and then neutralized with 0.1 M glycine-PBS for 5 min. Where appropriate, cells were then permeabilized with 0.2% Triton X-100-PBS for 20 min. Cells were next blocked by incubation with 2% fetal bovine serum (FBS)-PBS for 20 min before incubation with a mixture of primary antibodies comprising VP71.2 mouse anti-FIV Env and rabbit anti-HA (Sigma-Aldrich, Poole, Dorset, United Kingdom) for 1 h at room temperature in 1% FBS-PBS. Cells were then washed three times with PBS, including incubation for 5 min with each wash. Secondary antibodies [an Alexa-Fluor 594-conjugated F(abЈ) 2 fragment of goat anti-rabbit IgG from Invitrogen/Molecular Probes, Paisley, United Kingdom, and a fluorescein isothiocyanate (FITC)-conjugated F(abЈ) 2 fragment of goat anti-mouse IgG from Abd Serotec, Oxford, United Kingdom] were then added, and the mixtures were incubated for 45 min in 1% FBS-PBS at room temperature. Cells were washed three times with PBS (including incubation for 5 min with each wash), removed from the 24-well plates, and mounted onto glass slides in mounting medium containing DAPI (4Ј,6-diamidino-2-phenylindole) (Vectashield; Vector Laboratories, Peterborough, United Kingdom). Slides were then analyzed on a Leica TCS SP2 confocal microscope.
Electron microscopy. Monolayer cultures of FIV-infected CRFK cells were fixed in situ for 2 h at room temperature with 4% paraformaldehyde-0.1 M sodium phosphate buffer (pH 7) and stored at 4°C in 0.2% paraformaldehyde. Prior to processing for electron microscopy, the cells were exposed to 2.5% glutaraldehyde overnight at 4°C. The cells were then scraped and pelleted by centrifugation followed by 1% osmium tetroxide fixation. Fixed cells were then resuspended and pelleted through 1% SeaPlaque agarose (Lonza, Slough, United Kingdom). The cell pellets were dehydrated through a graded alcohol series and embedded in Epon 812 resin. Sections approximately 120 nm in thickness were cut with a UC6 ultramicrotome (Leica Microsystems, Germany) and stained with saturated uranyl acetate (in 50% ethanol) and Reynolds lead citrate (49) . Sections were observed and photographed with JEOL 1200 EX and JEOL JEM-2200FS transmission electron microscopes, and images were recorded on a Gatan Ultrascan camera.
Nucleotide sequence accession number. The sequence of the feline tetherin homologue has been deposited in GenBank (accession no. HM461970).
RESULTS
Identification of a feline tetherin homologue. Screening the 1.8X feline genome identified a genomic sequence with significant homology to tetherin/BST-2. Oligonucleotide primers based on this sequence amplified a 561-bp product from IFN--stimulated feline IL-2-dependent T cell (MYA-1) cDNA with 77% nucleic acid and 60% amino acid identity to canine BST-2, transcript variant 2 (XM860510), a sequence determined from the canine (boxer) genome by automated computational analysis (Gnomon; NCBI). Translation predicted an amino acid sequence of 184 amino acids with an amino-terminal transmembrane domain, an extracellular loop with three conserved cysteines (C59, C69, and C97), and a coiled-coil domain (Fig. 1A) . The big-predictor (10) revealed a potential site for a glycophosphatidylinositol anchor at serine 161 (Fig. 1A) followed by a carboxy-terminal hydrophobic domain. The conservation of amino acid sequence and structural features was consistent with the product being the feline homologue of tetherin. Modeling the three-dimensional structure of the feline tetherin homologue on the basis of the published crystal structure of the extracellular domain of human tetherin indicated conservation of the structure (data not shown).
In the mouse, tetherin is expressed constitutively with B cells and plasmacytoid dendritic cells; however, expression may be upregulated with many cell types following exposure to both type I (5, 21, 31, 35, 38) and type II (5) interferons. We treated four feline cell lines, AH927 (46) ϩ T cells and monocyte-derived macrophages responded to IFN-␣ and IFNtreatment by increasing expression of tetherin, whereas IFN-␥ had a modest effect on CD4 ϩ T cells and no effect on macrophages. Therefore, as with previous observations with human tetherin, feline tetherin expression may be induced by both type I and II interferons and is expressed on the known in vivo cellular targets for FIV, activated T cells and macrophages.
Feline tetherin inhibits the release of lentiviruses. 293T cells were transfected with expression vectors bearing feline or hu- (15) (Fig. 2A) . Both feline and human tetherin reduced the titer of the FIV(VSV) pseudotypes significantly, suggesting inhibition of particle release from the transfected cells. In agreement with this notion, viral p24 released into the culture supernatant was reduced by tetherin expression to levels below the limit of detection. Similar activity of feline tetherin against HIV-1 lacking a functional Vpu [HVI-1 (delVpu)] was detected; however, unlike human tetherin, antiviral activity was not counteracted by the addition of HIV-1 Vpu in trans (Fig. 2B) . Similarly, feline tetherin prevented the release of wild-type HIV-1 encoding an intact vpu open reading frame, whereas human tetherin had no effect (Fig. 2C ). In the absence of an open reading frame with significant homology to vpu in FIV, we asked whether the FIV env or orfA gene products were able to counteract the activity of feline tetherin, in analogy to the activities ascribed to the SIV Nef and Env proteins (15, 18, 26, 35, 36, 62, 65) . Coexpression of a replication-defective molecular clone of FIV (CMVG8M⌬pol4) in which expression of the entire FIV molecular clone is enhanced by a cytomegalovirus (CMV) promoter, thus increasing expression of all FIV proteins, had no effect on the ability of feline tetherin to counteract FIV release from transfected cells (Fig. 2D) . Similarly, cotransfection of a codon-optimized FIV OrfA expression vector (43) (Fig. 2E  and F ), or of a GL8 orfA cloned in VR1012 eukaryotic expression vector (not shown), had no effect on the activity of feline tetherin against the release of FIV from transfected cells. Further confirmation of the absence of tetherin-counteracting activity on the feline genome was provided by cotransfection of FIV Env expression vectors expressing the GL8, TM2, or CPG41 Env or the GL8 and TM219 molecular clones, none of which had a discernible effect on the ability of human (Fig.  3A) or feline (Fig. 3B) tetherin to inhibit HIV-1 particle release. In contrast, under identical conditions, cotransfection of HIV-1 Vpu counteracted human but not feline tetherin activity. Thus, under standard experimental conditions that demonstrate Vpu or Env antagonism of primate tetherins (15) we could find no evidence for tetherin-counteracting activity in the FIV genome.
Effect of feline tetherin on retroviral replication. Given the potency of feline tetherin for preventing the release of FIV in a single-cycle assay, and the apparent absence of tetherin- were also prepared from a construct with an intact Vpu (HIV-1 WT) in the presence of either feline or human tetherin, and infectivity was assessed by infection of 293T cells. (D) Ability of FIV-encoded proteins to counteract feline tetherin. FIV(VSV-G)/GFP pseudotypes were prepared in the presence or absence of both feline tetherin and a replication-defective molecular clone of FIV, CMVG8M⌬pol4 (ϩFIV⌬pol). Expression of FIV Env from CMVG8M⌬pol4 was confirmed by immunoblotting with MAb VPG71.2. (E) FIV(VSV-G)/GFP pseudotypes were prepared in the presence or absence of both feline tetherin and a codon-optimized FIV OrfA, and infectivity was assayed on 293T cells. (F) HIV(VSV-G)/YFP pseudotypes were prepared in the presence or absence of both feline tetherin and human tetherin and either a codon-optimized FIV OrfA or HIV-1 Vpu, and infectivity was assayed using 293T cells.
counteracting activity in the FIV genome, we investigated whether feline tetherin inhibited FIV replication in a spreading infection. CRFK cells were stably transduced with a retroviral vector expressing feline tetherin. Real-time PCR analysis indicated that the drug-selected cells expressed abundant tetherin mRNA (⌬C T ϭ 8.95 Ϯ 0.25) compared with the vector-only selected control cells (⌬C T ϭ 16.68 Ϯ 0.34). Thus, the stably transduced cells achieved levels of tetherin expression that exceeded those attained following IFN-treatment of control CRFK cells (⌬C T ϭ 11.17 Ϯ 0.17) (Fig. 1) . In comparison, when 293T cells were transfected transiently with either VR1012 or VR1012-feTHN (see Fig. 2 and 3 ), ⌬C T increased from 23.43 Ϯ 0.43 (VR1012) to 5.97 Ϯ 0.39 (VR1012-feTHN), representing an order of magnitude higher than the level achieved in stably transduced CRFK (considering that, following transient transfection of 293T cells, only a proportion of the cells would take up DNA) and perhaps indicating why the inhibitory effect of tetherin on virion release from 293T is so marked.
Cells stably expressing feline tetherin were infected with CRFK-tropic strains of FIV-Pco (COLV; Fig. 4A ) or FIV-Fca (F14; Fig. 4B ), and virus spread was monitored by an RT assay of the culture supernatant. In contrast to the marked inhibitory effect of tetherin on lentiviral pseudotype release, ectopic expression of tetherin did not inhibit virus production from FIVinfected CRFK cells. As the FIV lentiviral vectors used to generate FIV pseudotypes (Fig. 2) and the F14 strain of FIV share an origin (FIV Petaluma), the data indicate that singlecycle release assays and assays of productive infection yield conflicting results. Furthermore, syncytium formation following FIV F14 infection was enhanced significantly in the tetherin-expressing cells (Fig. 4D ) compared with control cells (Fig. 4C) . This observation suggests that functional levels of tetherin are expressed and is consistent with the presence of trapped virions at the cell surface promoting cell-cell spread, a phenomenon proposed recently for HIV-1 (20) .
We next considered the effect of feline tetherin on the replication of primary strains of FIV. CRFK cells stably transduced with an expression vector bearing the CD134 primary viral receptor (56) were transduced with retroviral vectors bearing either feline tetherin or a synthetic feline TRIMCyp (9) (as a positive control for viral restriction). CD134-expressing CRFK cells were permissive of the replication of both the GL8 (Fig. 4E) and PPR (Fig. 4F ) strains of FIV, and tetherin expression had no inhibitory effect. In contrast, feline TRIMCyp completely prevented viral replication. These data suggest that stable ectopic expression of feline tetherin does not restrict the replication of primary or cell culture-adapted strains of FIV.
Formally, it is possible that low levels of surface expression of tetherin in the stably modified cell lines are insufficient to block viral release and that this explains their inability to block spreading FIV infection. To control for this possibility, we took advantage of the fact that the GL8 primary FIV isolate cannot replicate in CRFK cells unless they express the CD134 coreceptor. Transfection of CRFK cells with GL8 therefore does not lead to a spreading infection but allows us to measure the amount of GL8 released into the supernatant by assaying for reverse transcriptase. CRFK cells transfected with GL8 released virus into the supernatant, whereas CRFK cells expressing tetherin did not (Fig. 5A) , which is consistent with tetherin preventing virus release. As reported above, spreading infection of CD134-independent FIV F14 was not inhibited by tetherin expression in these cells, and once again, enhanced syncytium formation was noted in the tetherin-expressing cells (Fig. 5D ) in comparison to control cells (Fig. 5C ). We next expressed the CD134 coreceptor in the same CRFK cells in order to render them permissive for GL8 infection. CD134-expressing CRFK cells were permissive for GL8 replication whether or not they expressed tetherin (Fig. 5E ). Tetherin expression in these cells reduced replication by about 2-fold, leading to a delay of approximately 1 day in achieving peak virus loads, but tetherin was unable to block replication in a manner analogous to that seen with TRIMCyp. This effect was confirmed by analysis of the degree of syncytium formation at the end of the experiment (day 6); while the absolute numbers of syncytia in the GL8-infected cells were similar, the syncytia in the tetherin-expressing cells were smaller (Fig. 5F ), which is consistent with a partial retardation of viral growth. Thus, we observed two contrasting outcomes following infection with GL8 and F14; GL8 infection was partially retarded, with a reduction in syncytium formation, whereas F14 infection was unaffected and syncytium formation was enhanced. Enhanced syncytium formation following increased tetherin expression would be detrimental to the host and counterintuitive with respect to the idea of a role for tetherin in restricting viral growth. We therefore asked whether such a scenario would occur following upregulation of endogenously expressed tetherin by interferon. CRFK cells were infected with the F14 (CD134-independent) strain of FIV. As expected, treatment of the cells with interferon-either 24 h prior to infection or 24 h postinfection suppressed virus production (Fig. 6A) . Immunoblotting confirmed both the reduced release of virus into the culture supernatant and reduced viral protein production within the cells (Fig. 6B) , which is consistent with the pleiotropic antiviral activities of type-I interferons suppressing viral growth. As would be expected, addition of IFN-24 h postinfection suppressed viral replication to a lesser extent than preincubation with IFN-. As real-time PCR analysis of tetherin transcripts confirmed that tetherin expression had been induced (Fig. 6B ) following interferon stimulation, we asked whether, in the face of the antiviral activities of IFN-, we could discern evidence for the enhancement of syncytium formation that we had observed in the cells stably expressing tetherin. When the cells were examined microscopically (Fig.  6C) , a marked enhancement of syncytium formation was noted in the CRFK cells infected with FIV F14 and treated with IFN- (Fig. 6C) , irrespective of whether the interferon was added before or after viral infection. These data suggest that the results observed in cells stably expressing tetherin are recapitulated in cells in which tetherin expression is induced by IFN-.
In order to examine the cellular localization of FIV and tetherin in infected cells, CRFK cells were stably transduced with a retroviral vector expressing feline tetherin tagged in the extracellular domain with an internal HA tag. Confocal anal- (Fig. 7A ). While tetherin expression was detected with the majority of single cells where expression appeared punctuate (Fig. 7B) , expression on the perimeter of syncytia followed a pattern similar to that seen with Env, and in several regions, marked overlap of Env and tetherin was noted (Fig. 7C) . In permeabilized cells, Env expression was diffuse throughout the cytoplasm of the cells (Fig. 7D ) whereas tetherin expression appeared largely punctuate (Fig. 7E) . It was notable that, in some Env-expressing cells, tetherin appeared to be concentrated at the periphery of the cell (Fig. 7F , lower left), whereas in cells lacking Env, tetherin appeared to be perinuclear (Fig. 7E, top center) . Occasionally, syncytia contained regions of colocalization of tetherin and Env, possibly indicating the presence of intracellular bodies rich in both Env and tetherin. Finally, we examined FIV-infected tetherin-expressing CRFK cells for evidence of the retention of virus particles on the cell surface. FIV-infected CRFK cells produced abundant microvilli in the presence or absence of tetherin (Fig. 8A) with a morphology similar to that described previously for HeLa cells (12) . While 0.1-m-diameter particles were noted in the regions rich in microvilli, the resolution of the CRFK-derived images made it difficult to distinguish conclusively electrondense virus-like particles from a cross-section through the tip of a microvillus (Fig. 8A) ; previous reports have described mouse mammary tumor virus budding from the tip of microvilli in CRFK cells (25) . However, aggregates of 0.1-m-diameter particles aligned on the surface of cells were unique to the FIV-infected tetherin-expressing cells (Fig. 8C and D) , a feature we were unable to identify in the FIV-infected cells not expressing tetherin despite screening multiple fields. The uniformity and alignment of these particles on the cell surface were consistent with the presence of trapped virions and may represent evidence indicating the same regions identified by confocal microscopy in which tetherin and Env were coexpressed at a high level.
DISCUSSION
Primate lentiviruses have developed several strategies for the evasion of host restriction factors: Vif counteracts APOBECs, mutations in CA prevent TRIM5s binding to the incoming capsid, and HIV-1 Vpu, HIV-2 Env, and SIV Nef and Env counteract tetherin. The diverse mechanisms employed by primate lentiviruses to evade the antiviral activities of tetherin suggest a prominent role for tetherin in controlling lentiviral replication. Pandemic HIV-1 M strain genes encode Vpu proteins with potent antitetherin activity, a property they share with SIVgsn, SIVmus, and SIVmon strains (53) . In contrast, Vpus from nonpandemic O or N strains is a poor tetherin antagonist, while SIVcpz, the nearest ancestor of HIV-1, uses Nef to counteract tetherin (53), a feature it shares with SIVsmm, SIVmac, SIVsyk, and SIVagm (18, 53, 65, 65) . A five-amino-acid deletion in the N-terminal cytoplasmic tail of human tetherin has rendered it refractory to antagonism by SIVcpz Nefs, and there is evidence for strong positive selective pressure in favor of escape from Nef binding (27) . These data provide compelling evidence for an ongoing struggle between host and pathogen and have led to speculation that it is the ability to evade tetherin that renders HIV-1 M strains able to achieve pandemic spread in the human population (16, 53) .
Like primates, felids coexist with a lentivirus, FIV. Thus, they provide a useful comparator for the likely role of tetherin in the control of lentiviral infections. In this study, we demonstrated that a feline homologue of tetherin inhibits the release of FIV from infected cells in vitro as potently as human tetherin. However, both primary and cell culture-adapted strains of FIV overcame restriction by tetherin in a spreading infection assay with relative ease, even in the absence of identifiable antitetherin activity. Indeed, tetherin expression promoted enhanced syncytium formation in adherent cells upon infection with cell-culture-adapted FIV, as would be expected with virion trapping, hence increasing levels of envelope protein expression at the cell surface. In comparison, synthetic feline TRIMCyp (9) blocked FIV replication completely when expressed under identical conditions. What is the significance of the enhanced syncytium formation seen with cell cultureadapted strains of virus? Cell culture-adapted strains of FIV are similar to, and are frequently derived from, CD134-independent strains of FIV that arise in chronic infection in vivo. They may be considered to be analogous to the X4 strains of HIV that emerge in the later stages of HIV infection. Initially, these viruses were thought to be the consequence of cell culture adaptation, a selection for adaptation for growth in CD134-negative cell lines such as CRFK. Indeed, Petaluma F14 and 34TF10, the prototypic molecular clones of FIV, bear mutations in their V3 loops consistent with CRFK adaptation and CD134-independent infection. We have investigated the primary isolate of FIV Petaluma that had been maintained solely in peripheral blood mononuclear cells and have identified CD134-independent variants among the viral quasispecies (data not shown). Combined with our own observations in which CD134-independent strains of FIV arose in vivo following infection with the CD134-dependent GL8 strain of FIV (23) , it would appear that there is selective pressure in vivo for the generation of CD134-independent strains of virus. We have shown previously that the humoral immune response can exert a selective pressure that is capable of modulating the virus-receptor interaction (64) . The activities of feline tetherin that we have observed in vitro may exhert an additional selective pressure on receptor use in vivo. While interferon production would upregulate tetherin expression and thus prevent the release of nascent virions, CD134-independent viruses may counteract the effects of tetherin by spreading cell to cell and in so doing may overcome its antiviral effects. Why should F14 syncytium formation be enhanced when GL8 syncytium formation is modestly reduced? It is likely that the switch to CD134-independence facilitates a more efficient cell-cell fusion mediated by use of the abundant coreceptor CXCR4 alone. Tetherin clearly inhibits virus release; however, there may be other roles for tetherin that do not involve the inhibition of viral growth. Tetherin may downmodulate IFN production following an interaction with the ITL7 receptor on plasmacytoid dendritic cells (pDCs), also known as type-I interferon-producing cells (IPCs) (6) , and viral modulation of the regulation of IFN production may also modulate the innate response to infection (reviewed in reference 11). We propose that an additional function of tetherin might be related to the cell type on which it is expressed in abundance in vivo, i.e., pDCs. Tetherin is known to target virions for endocytosis and degradation, and this might lead to antigen processing for subsequent presentation to T cells. While they were initially thought to have a primary role in immunomodulation resulting from the secretion of large amounts of type I interferon, subsequent studies have indicated that pDCs are capable of presenting antigen to both CD4 and CD8 ϩ T cells and may have a potential role in antigen capture, processing, and presentation to T cells at sites of infection and in lymph nodes (reviewed in reference 63). Expression of tetherin on nonprofessional antigen-presenting cells would also trap virions at the cell surface, marking the cells for destruction by antibody-dependent cellular cytotoxicity. Evasion of either of these outcomes would be vastly beneficial to a virus, whether lentivirus, herpesvirus, or filovirus, all of which have evolved means of counteracting the activity of tetherin.
Do our findings contradict those of previous studies conducted with other retroviruses? Many of the studies considering tetherin function performed to date have used single-cycle assays focusing on virus release following transfection of nonsusceptible cells such as HEK-293 or infection of nonsusceptible cells such as HeLa with HIV(VSV-G)-pseudotypes, but few have examined viral replication in susceptible cells, and those that have done so yielded conflicting results. Tetherin was found to inhibit the cell-to-cell transmission of ⌬Vpu HIV and to impair the transmission of wild-type HIV from donor HeLa, 293T, or CD4 ϩ T cells to recipient CD4 ϩ T cells or Jurkat cells (7) . In contrast, a second study found that ⌬Vpu HIV disseminated more efficiently by cell-to-cell contact when tetherin was expressed and that depletion of tetherin using small interfering RNA (siRNA) impaired cell-to-cell transmission (20) . The observations we describe here concerning feline tetherin and the felid lentiviruses are consistent with the findings of latter study in that, in assays in which we assessed the growth of replication-competent viruses, we found that feline tetherin has a relatively minor effect on virus growth. When we quantified tetherin gene expression in 293T cells transiently transfected with a tetherin expression vector, we found that expression exceeded by an order of magnitude that achieved in either stably transfected cells or interferon-treated cells, suggesting supraphysiological levels of gene expression. Thus, we observed potent inhibition of virus release in 293T cells, whereas there was a weak effect on virus growth but an enhancement of syncytium formation in stably transfected CRFK cells. The latter observation is particularly striking in that, prior to the discovery of tetherin, previous studies reported an increase in the size of syncytia in HeLa-CD4 cells transfected with Vpu-deleted HIV (22) , while enhanced cell-to-cell spread and the formation of giant syncytia in Jurkat cells infected with a mutant virus bearing a frameshift in vpu were noted (14) . These data are consistent with the increase in syncytium size we observed in tetherin-expressing cells following infection with a CD134-independent virus. Further studies are required to distinguish the role of tetherin in preventing virus release, enhancing antigen presentation, and preventing virus spread both from cell to cell and within a population of permissive individuals. The study of tetherin promises to continue to reveal important insights into cellular and viral biology.
